Threonine has been reported to be the second limiting amino acid in typical equine diets, but its actual requirement has not been determined in horses. To evaluate amino acid metabolism and requirements, the indicator amino acid oxidation (IAAO) method has been successfully used in other species. The objective of this research was to estimate threonine requirements in mature horses fed timothy hay and concentrate in 4:1 ratio using the IAAO method. Six Thoroughbred mares (579.9 ± 46.7 kg) received each of 6 levels of threonine intake, 41, 51, 61, 70, 80 and 89 mg/kg BW/ day, in a randomly determined order. Each study period was 7-day long, and on day 6, blood samples were collected before and 90 min after feeding to measure amino acid concentrations using HPLC. On day 7, horses underwent IAAO procedures, which included a 2-hr primed, constant intravenous infusion of [ 13 C]sodium bicarbonate to measure total CO 2 production and a 4-hr primed, constant oral administration of [1-13 C]phenylalanine to estimate phenylalanine oxidation to CO 2 . Blood and breath samples were collected to measure blood [ 13 C]phenylalanine, using GC-MS analysis and breath 13 CO 2 enrichment, using an infrared isotope analyser. Increasing threonine intake levels did not affect plasma phenylalanine oxidation by the ANOVA test (p > 0.05) but resulted in a linear decrease in phenylalanine oxidation (p = 0.04) without a breakpoint by the orthogonal linear contrast. This study is the first attempt to evaluate threonine requirements in horses by the IAAO method; however, threonine requirements are still unknown in mature horses at this time.
| INTRODUC TI ON
Threonine has been suggested to be the second limiting amino acids in typical equine diets (Graham, Ott, Brendemuhl, & TenBroeck, 1994; Graham-Thiers & Kronfeld, 2005) , but its requirement in horses has not been quantified. As amino acid requirements other than the lysine requirement, which is 54 mg/ kg BW/day (NRC, 2007), have not been established, the NRC recommends that amino acid requirements can be estimated based on the amino acid composition in equine muscle and the given lysine requirement. Even though this recommended method supposes to calculate an optimal, not a minimal, amino acid requirement, the calculated threonine requirements may be lower than the actual requirements because amino acid digestibility and uses by body tissues other than muscle may not be accounted for by these estimates.
Both digestibility and the body's uses of threonine can be affected by dietary fibre content, which is a critical component of the equine diet. Horses are a herbivorous species, and therefore, a certain portion of forage needs to be included in equine diets to provide adequate fibre to avoid digestive diseases (Medina, Girard, Jacotot, & Julliand, 2002; Tinker et al., 1997) and nondigestive problems (MacLeay et al., 2000; Redbo, Redbo-Torstensson, Odberg, Hedendahl, & Holm, 1998) . Their voluntary dry matter intake was 1.5-3.1% of body weight in horses grazing fresh pasture (Marlow, van Tonder, Hayward, van der Merwe, & Price, 1983) and approximately 2% of body weight in horses fed fresh forage (Dulphy, Martin-Rosset, Dubroeucq, & Jailler, 1997) , and current recommendations are that at least 1% of body weight should be provided as forage each day (NRC, 2007) .
Increased dietary fibre reduced apparent ileal threonine digestibility in pigs (Myrie, Bertolo, Sauer, & Ball, 2008) . The estimated true nitrogen digestibility of forage in foregut ranged from 27% to 42% in mature horses (Gibbs, Potter, Schelling, Kreider, & Boyd, 1988) . The low digestibility of forage amino acids in foregut would limit the utilization of dietary amino acids by the animal. In addition, dietary fibre has also been reported to stimulate intestinal mucin secretion in other monogastric species, such as pigs (Lien, Sauer, & He, 2001) . Increased intestinal secretory protein production would result in greater threonine endogenous losses (Lien, Sauer, & Fenton, 1997; Myrie et al., 2008) . A previous study in swine (Lien et al., 1997) reported that threonine in mucin protein is resistant to proteolysis, and thus, threonine used for mucin synthesis might not be recycled into the blood amino acid pool for body protein synthesis or any of other uses in the body.
Therefore, without taking account of threonine digestibility or other uses in the animal's body, threonine requirements may be significantly underestimated, and thus, the direct measurement of threonine requirements is required to improve equine diet formulation. The objective of this study was to estimate the threonine requirement of mature horses fed a 4:1 ratio of forage to concentrate using the indicator amino acid oxidation method. The principle of this method is based on a concept that excess amino acids, which were not used for body protein synthesis, will enter the blood amino acid pool and become oxidized to CO 2 to be excreted from the body.
When the test amino acid is provided at various levels to animals, the indicator amino acid, which is not a limiting amino acid, is administrated in isotopic form at the constant level. Thus, the labelled carbon of the indicator amino acid will appear in breath CO 2 as the result of oxidation of excess amino acids. The oxidation rate of the indicator amino acid will be measured to determine the requirements of the test amino acid. This technique has been successfully used to evaluate amino acid requirements and metabolism in animals (Bertolo, Chen, Law, Pencharz, & Ball, 1998; Levesque, Moehn, Pencharz, & Ball, 2011) and humans (Chapman, Courtney-Martin, Moore, Ball, & Pencharz, 2009; Wilson, Rafii, Ball, & Pencharz, 2000) . It is hypothesized that if the actual threonine requirement was in the range of threonine intake levels provided from the experimental diets, isotopic phenylalanine oxidation rate would reach the minimum at that point of the threonine requirement and stay constant, regardless of further increases in threonine consumption.
| MATERIAL S AND ME THODS
All procedures for the present experiment were reviewed and approved by the University of Kentucky Institutional Animal Care and Use Committee (IACUC 2012-0925) .
| Animals, housing and adaptation
Six Thoroughbred mares (4-16 years old and 579.9 ± 46.7 kg) were obtained from the University of Kentucky's Maine Chance Farm and used to evaluate threonine requirements in mature horses.
Two weeks prior to the experiment, the animals were adapted to individual sawdust bedded stalls (3.7 m × 3.7 m), chopped hay, daily turnout with muzzles, the experimental diet composition and handling procedures. As the IAAO method requires a relatively short adaptation period between different levels of the test amino acid (Pencharz & Ball, 2003) and plasma amino acid concentrations reflected changes of dietary amino acid concentration in experimental diets within 1 day in horses (Ohta, Yoshida, & Ishibashi, 2007) , a 5-d adaptation period to each treatment was allowed at each experimental period. During the 5-d adaptation period, the horses were turned out in grass paddocks with grazing muzzles in the daytime and stayed in stalls overnight to allow enough time to consume all daily feed allowances. On sampling days, d6 and d7, the mares remained in stalls during sample collection procedures. Body weights were measured on d6 of each period with a livestock scale (TI-500, Transcell Technology Inc., Buffalo Grove, IL).
| Diets and ingredients
The experimental diets were formulated to meet or exceed the estimated requirements for all nutrients with the exception of threonine (NRC, 2007) . The daily meal provided chopped timothy hay (Hi Fiber Gold, Lucerne Farms, Fort Fairfield, ME) at 1.6% of body weight and concentrate (Table 1) at 0.4% of body weight. The experimental hay and concentrates were fed to horses at the same time. The nutrient compositions of the chopped hay and concentrates are given in Table 2 . Horses were fed half of their daily allowance twice daily, at 07:30 and 15:00 hr. The two experimental concentrates were a low threonine concentrate and a high threonine concentrate, designed to contain 2.9 and 14.8 g threonine/ kg diet respectively. Additional crystalline glutamate was added to the low threonine concentrate to make both concentrates isonitrogenous. The two experimental concentrates were isocaloric and composed of similar grains.
Threonine intakes for the six treatments were targeted to be 44, 50, 55, 61, 66 and 72 mg/kg BW/day and were generated by mixing the experimental concentrates in different ratios (1:0, 4:1, 3:2, 2:3, 4:1 and 0:1 ratio of low threonine concentrate to high threonine concentrate respectively). The lowest level of threonine intake was prepared to be as low as possible based on the lowest threonine containing forage that could be sourced in combination with the lowest threonine containing concentrate that could be feasibly formulated by a commercial feed manufacturer (Buckeye Nutrition; Dalton, OH) and still have the overall diets meet the requirements for energy, crude protein and lysine. Although it was recognized that these levels of threonine intake were all above the threonine requirement estimated based on muscle or milk composition (24.3-38.9 mg/kg BW/ day; Bryden, 1991; Lorenzo & Pateiro, 2013) , this study proceeded with these levels of intake for two reasons. First, the experimental diets contained typical feed ingredients for horses, and thus if even the lowest level of intake that could be feasibly studied was still greater than the requirement, that would provide more concrete evidence that threonine was perhaps not an amino acid to be as concerned about in diet formulation as long as the crude protein and lysine requirements were met. Second, based on the available literature from other nonruminant species, the muscle threonine to lysine ratio might be an underestimate of true threonine requirements due to the extensive extraction and uses of threonine by the gastrointestinal tract.
Feed samples were collected on d7 of each period and sent to Dairy One Cooperative Inc. (Ithaca, NY) for proximate analysis. The amino acids composition of the ingredients was determined as described below, in the sample analyses section.
| Study design and procedures
After 2 weeks of the initial adaptation to the experimental diet composition, each mare was studied while receiving each of the six treatments, in a randomly determined order. Each treatment period lasted 7d: adaptation from d1 to d5 and sampling on d6 and d7.
On d6, blood samples were collected via jugular venipuncture before and 60, 90 and 120 min after the 07:30 hr feeding to measure effects of the threonine intake levels on plasma amino acid and urea concentrations. Horses underwent the indicator amino acid oxidation procedures on d7. A catheter was placed into each horse's one jugular vein for intravenous [
13 C] sodium bicarbonate infusion and blood sampling (Urschel, Geor, Hanigan, & Harris, 2012) . To maintain the experimental animals in a stable, fed state, 1/48 of daily feed was fed to horses every 30 min, and feeding was started 90 min prior to the procedures (Möhn, Fuller, Ball, & de Lange, 2003 (Urschel et al., 2012) and the oral administration of isotope phenylalanine (Mastellar, Barnes, Cybulak, & Urschel, 2016) were previously validated to be used in protein metabolism studies in horses.
Catheters were removed after the last blood sample was collected, and the animals were assigned to the next treatment at their afternoon meal. At the end of the study, the mares were returned to University of Kentucky's Maine Chance Farm research herd.
| Sample collection
Blood samples (10 ml) were placed into heparinized evacuated glass tubes (Vacutainer; Becton-Dickinson, Franklin Lakes, NJ).
The blood samples were immediately centrifuged at 1,500 g for 10 min at 4°C, and then, plasma was obtained and stored at −20°C
until the time of analysis. Breath samples were collected into gas Values are average ± standard deviation, n = 3 (overall nutrient composition); n = 10 (amino acid composition). b Hi Fibre Gold, Lucerne Farms, Fort Fairfield, ME. c Formulated specifically for this study (Table 1) , Buckeye Nutrition, Dalton, OH.
TA B L E 2 Nutrient composition of the feeds used for generating the treatments with six levels of threonine intake a , as-fed basis impermeable bags using a modified equine Aeromask (Urschel et al., 2012) .
| Sample analyses

| Feed samples
Amino acid concentrations in the chopped hay and the experimental concentrates were determined by reverse phase HPLC (3.9 × 300 mm PICO-TAG reverse phase column, Waters, Milford, MA) of phenylisothiocyanate derivatives as described by Urschel, Escobar, McCutcheon, and Geor (2011) .
| Pre-and postfeeding blood samples
Plasma free amino acid concentrations in d6 blood samples collected before (pre-) and 90 min postfeeding were analysed using reverse phase HPLC (3.9 × 300 mm PICO-TAG reverse phase column, Waters, Milford, MA) of phenylisothiocyanate derivatives (Urschel et al., 2011) . in duplicate, and then, the plate was placed in a VersaMax ELISA microplate reader (Molecular Devices, Sunnyvale, CA) and read at 570 nm of wavelength. The intra-assay variation was 7.05%, while the interassay variation was <10% for the urea nitrogen analysis. Bremen, Germany), on the same day that samples were collected.
| Breath and blood samples from isotope procedure
The plasma samples were sent to Metabolic Solutions Inc. (Nashua, NH), and the amounts of [1-13 C]phenylalanine relative to [1-12 C]phenylalanine in plasma were measured using a previously described method (Matthews, Pesola, & Campbell, 1990; Tanner et al., 2014 ).
| Calculations
The average enrichment at isotopic stable state was determined for both plasma (phenylalanine administration only) and breath samples (phenylalanine and bicarbonate administration). The plateau was defined having at least three collection time points with a slope not significantly different from 0 (p > 0.05) using a linear regression analysis (GraphPad Prism 4 Software, GraphPad Prism Inc., San Diego, CA), and if the plateau was not obtained, the data were discarded. The plasma [1-13 C]phenylalanine enrichment was calculated using the formula described by Wilson et al. (2000) , in molecules per cent excess. Total CO 2 production rate was determined at plateau of the ratio of 13 CO 2 to 12 CO 2 from [ 13 C]sodium bicarbonate infusion (Urschel, Smith, Drake, Harris, & Geor, 2009 ). Whole-body phenylalanine flux and oxidation was calculated as previously described (Hsu, Goonewardene, Rafii, Ball, & Pencharz, 2006) . The nonoxidative phenylalanine disposal is calculated by taking the difference between phenylalanine flux and oxidation rates, and this value represents the whole-body protein synthesis.
Phenylalanine entering the plasma amino acid pool from dietary intake was calculated by multiplying dietary phenylalanine intake by 0.4 for the forage portion (Gibbs et al., 1988) and 0.7 for the concentrate portion (Farley, Potter, Gibbs, Schumacher, & Murray-Gerzik, 1995) to account for precaecal phenylalanine digestibility and then corrected with a splanchnic extraction of 26.5% (Mastellar, Barnes et al., 2016) . Phenylalanine converted to tyrosine was considered to be minimal, and any that did occur should be the same for all treatments because both phenylalanine and tyrosine intakes were not different between treatments. Therefore, changes in nonoxidative phenylalanine disposal can represent changes in phenylalanine used for whole-body protein synthesis.
| Statistical analyses
All experimental data were analysed using the mixed procedures of SAS (version 9.3, SAS Institute Inc., Cary, NC) unless otherwise stated. Repeated measures analysis was used to analyse plasma amino acids and urea concentration data from d6 with treatment (level of threonine intake), time (min after feeding) and time × treatment interaction as the fixed effects and horse nested in treatment as the random effect. The variance-covariance matrix was selected for each analysis based on the lowest value for the corrected Akaike information criterion. A one-way ANOVA including orthogonal linear and quadratic contrasts was conducted to estimate treatment effects on plasma amino acids and urea (both before and following feeding), and whole-body phenylalanine kinetics with treatment as the fixed effect and horse nested in treatment as the random effect.
Means were separated using the pdiff option with the Tukey-Kramer adjustment when differences were significant. To detect a breakpoint in [1-13 C] phenylalanine oxidation rate, the nonlinear procedure of SAS was conducted with x-axis as treatment and y-axis as [1-13 C] phenylalanine oxidation rate (Robbins, Saxton, & Southern, 2006) . Significance was determined at p < 0.05.
| RE SULTS
All of the experimental animals successfully consumed all of the experimental diets during the adaptation periods and the sampling procedures. Although hay and concentrates were fed at the same time, the horses tended to consume concentrates first and finished hay afterwards. The horses maintained their body weight throughout the entire experimental period (initial body weight was 579.9 ± 46.7 kg; final body weight was 584.6 ± 19.8 kg). Threonine concentrations in the low and high threonine concentrates were 2.9 and 14.8 g/kg of concentrate, respectively, and chopped hay provided 1.9 g threonine/kg of hay ( Table 2 ). The analysed daily threonine consumptions were 41, 51, 61, 70, 80, and 89 mg/kg BW/day for each treatment. Table 3 shows the daily nutrient intakes from the experimental diet corresponding to each treatment.
| Plasma amino acids concentrations
All plasma amino acid concentrations were greater at 90 min postfeeding than prefeeding (p < 0.05), except tryptophan (p = 0.58; Table 4 ). Increased threonine intake resulted in higher plasma threonine concentrations in both pre-(p < 0.01; Table 5 ) and postfeeding (p < 0.0001; Table 6 ) samples. Plasma methionine, tryptophan and glycine concentrations were increased by increasing threonine intake levels (p < 0.05), while the other amino acids concentrations in plasma were not affected by threonine consumption levels (p > 0.05; Table 4 ). Methionine and tryptophan concentrations in plasma were increased by treatment both before (p < 0.01; Table 5 ) and after (p < 0.0001; Table 6 ) feeding, but plasma glycine concentration were affected by threonine intake levels only at 90 min postfeeding (p = 0.02; Table 6 ). There was no interaction between threonine intake level and feed consumption on plasma amino acid concentrations (p > 0.05), except plasma threonine concentrations (p < 0.0001; Table 4 ).
Increased threonine intake linearly increased plasma threonine, methionine, tryptophan and glycine concentrations in prefeeding samples (p < 0.01; Table 5 ). Plasma threonine, methionine, tryptophan, asparagine, glycine, serine and tyrosine concentrations were linearly increased with threonine consumption 90 min after feeding (p < 0.05; Table 6 ). Threonine intake levels had a quadratic effect on 90 min postfeeding plasma tryptophan concentration (p = 0.02; Table 6 ).
| Plasma urea nitrogen concentrations
Plasma urea nitrogen concentrations were not affected by threonine intake levels (p > 0.05) but changed by feed consumption (p < 0.05; Values are least squares means ± SE determined using a one-way analysis of variance; there were six observations with the exception of prefeeding amino acid data in threonine intake level at 80 mg/kg BW/day (n = 5; one sample was unavailable). *Superscripts indicate a statistical difference from 0 min (p < 0.05).
TA B L E 4 (Continued)
BW/day of threonine was increased 60 min after feeding (p < 0.05; Table 4 ). Interactions between threonine intake levels and time on plasma urea nitrogen concentrations were not detected (p > 0.05; Table 4 ). Increased threonine intake levels had no linear or quadratic effects on plasma urea nitrogen concentrations either before or 120 min after feeding (p ≥ 0.05; Table 5 and 7).
| Whole-body phenylalanine kinetics
Threonine intake levels did not affect plasma phenylalanine flux, CO 2 production and phenylalanine balance (p > 0.05; Table 7 ).
Phenylalanine entering the plasma-free amino acid pool from protein breakdown and phenylalanine leaving the pool by oxidation and nonoxidative disposal were not influenced by threonine consumption levels (p > 0.05; Table 7 ). Dietary phenylalanine intakes were linearly increased with threonine intake levels (p < 0.0001; Table 7 ); however, the differences were very small (SE = 0.02 μmol/ kg BW/hr; Table 7 ) and unlikely to be of physiological significance.
Phenylalanine oxidation rate was linearly decreased by increased threonine intake (p = 0.04; Table 7) , and phenylalanine balance also linearly increased with increasing threonine consumption (p = 0.03; Table 7 ). Threonine intake levels had no other linear or quadratic effects on any of kinetics parameters studied (p > 0.05; Table 7 ). A breakpoint in phenylalanine oxidation rate could not be determined by the broken-line analysis (p > 0.05).
| D ISCUSS I ON
Both experimental concentrates, the low and high threonine concentrates, had similar amino acid composition, with the exception of threonine and glutamate, because threonine was added to the low threonine concentrate to generate the high threonine concentrate at the expense of free glutamate (Table 1) . Therefore, the proteinbound amino acids in both concentrates would have had similar digestibility between all treatment groups, and thus, only the sys- Values are least squares means ± SE determined using a repeated measures analysis; there were six observations on threonine intake levels at 41, 51, 61, 70 and 89 mg/kg BW/day, and five observations on threonine intake level at 80 mg/kg BW/day (one sample was unavailable). dispensable amino acids, phenylalanine oxidation and nonoxidative disposal rate would represent the effects of threonine intake levels on whole-body protein metabolism.
In the present study, increased dietary threonine consumption resulted in greater plasma methionine concentration in both preand 90 min postfeeding samples (p < 0.05; Table 4 ), and plasma glycine concentrations at 90 min postfeeding (p < 0.05; Table 4 ). These increases in plasma methionine and glycine concentrations might be due to the common metabolic pathways between these amino acids and threonine. Mammals have two key catabolic pathways of threonine; one of which results in glycine synthesis (Bird & Nunn, 1983) , and the other pathway produces α-ketobutyrate (Darling et al., 1999) . Increased threonine intake levels would result in greater threonine degradation, and hence, it might increase plasma glycine and α-ketobutyrate concentrations. In a methionine degradation pathway, α-ketobutyrate is also produced (Finkelstein, 1990) , and thus, greater plasma α-ketobutyrate concentration might saturate the methionine catabolic pathway and result in the accumulation of plasma methionine. Additional research in horses is needed to confirm that this was in fact the cause of changes in plasma glycine and methionine concentrations.
Greater levels of threonine intake did not influence plasma phenylalanine flux, although phenylalanine entering the plasma-free amino acid pool from dietary intake was slightly affected by treatments ( Table 7) . The high and low threonine concentrates provided slightly different levels of phenylalanine (1.78% vs. 1.81% of diet for the high and low threonine concentrates respectively), and the actual feed intake between horses was not significantly different; both of which were unlikely to result in any effects of physiological significance. Both phenylalanine entering and leaving the plasma amino acid pool was unaffected by threonine intake levels, and consequently, phenylalanine balance was not different between the treatment groups (Table 7) . Unaffected plasma phenylalanine flux and carbon dioxide production rates due to differences in threonine intake indicate that phenylalanine used for body protein synthesis was not different between the treatment groups; this is in agreement Notes. Different superscript letters (d, e, f) within a row indicate a statistical difference between the threonine intake levels (p < 0.05).
a Values are least squares means ± SE determined using a one-way analysis of variance; outliers were determined when data laid out of the range between the first quartile -interquartile × 1.5 and the third quartile + interquartile × 1.5; observations were 6 on threonine intake levels at 41 and 51 mg/kg BW/day, and 5 on threonine intake levels at 61, 70, 80 and 89 mg/kg BW/day.
b Stochastic formula of phenylalanine kinetics used: flux = rate of phenylalanine entry = rate of phenylalanine leaving; rate of phenylalanine entry = phenylalanine intake + phenylalanine release from protein breakdown; rate of phenylalanine leaving = phenylalanine oxidation + nonoxidative phenylalanine disposal; a splanchnic phenylalanine extraction rate of 26.5% was assumed when calculating the amount of digestible phenylalanine reaching general circulation (Mastellar, Barnes et al., 2016) . with the estimates from the stochastic model of whole-body phenylalanine kinetics, where phenylalanine oxidation and nonoxidative disposal were not affected by treatments (Table 7) . These results suggest that the actual requirement might be lower than 41 mg/kg BW/day, which was the lowest level of threonine intake in the present study. In support of a lower than 41 mg/kg BW/day, threonine requirement is the linear increase in plasma threonine concentrations with increasing threonine intake and the lack of response in plasma urea nitrogen to increasing threonine intake at both pre-and postfeeding time points (Pencharz & Ball, 2003) . Also, a recent study (Yoshida & Ohta, 2017) , published after the design and execution of the current study, used plasma amino acid concentrations to estimate the threonine requirement of mature horses and concluded that the threonine requirement was 67% of the lysine requirement (36 mg/kg BW/day), which is lower than any of the threonine levels provided in the present study. In this previous study (Yoshida & Ohta, 2017) , however, plasma amino acid concentration was the only measured variable with no significant body weight changes.
As plasma amino acid profile alone is an insensitive measurement for amino acid requirement estimation without additional measurements such as IAAO (Bachmann et al., 2018; Pencharz & Ball, 2003) , a direct comparison between the previous study (Yoshida & Ohta, 2017 ) and the present study might not allow a definitive confirmation of a threonine requirement lower than 41 mg/kg BW/day.
On the other hand, from the orthogonal linear contrast analysis, there was a linear decrease in phenylalanine oxidation rate and a linear increase in phenylalanine balance with increasing threonine intake, without a breakpoint (Table 7) . This indicates that threonine requirements might be above 89 mg/kg BW/day, which was the highest threonine intake level in this study. The inability to determine a breakpoint in phenylalanine oxidation rate might be due to inadequate statistical power or the absence of a sufficiently large range of threonine intakes. However, the indicator amino acid oxidation method is a sensitive technique, and previous studies reported that six observations per treatment provide sufficient statistical power (Kriengsinyos, Rafii, Wykes, Ball, & Pencharz, 2002; Urschel et al., 2012) . Also, the R-square value of the linear relationship between the treatment and phenylalanine oxidation was 0.13 implying a weak association, although significant, it might explain only a small part of total variation. Thus, to elucidate threonine requirement, one or more treatment levels may need to be added above or below the highest and lowest threonine intake levels of this study.
Amino acid requirements, which are not provided in the NRC (2007), can be estimated based on amino acid compositions in equine body tissues, in combination with the lysine requirement, 54 mg/kg BW/day, recommended in the NRC (2007). Estimated threonine requirements range from 24.3 to 38.9 mg/kg BW/day based on equine muscle and milk amino acid compositions (Bryden, 1991; Lorenzo & Pateiro, 2013) . The NRC (2007) recommendation, however, may not be the most appropriate system for an animal at maintenance where muscle balance is expected to remain constant and milk is not produced. Also, another limitation of this approach is that the estimates do not account for digestibility and other uses by the body.
Thus, this system underestimates requirements especially for amino acids where there are large endogenous losses, such as threonine. In previous studies, data from other monogastric species suggest that intestinal endogenous losses of threonine for mucin secretion may be notably high compared to the other amino acids and that mucin proteins were protected from proteolysis (Lien et al., 1997; Van der Schoor et al., 2002) . For that reason, when this study was designed, we hypothesized that the threonine requirement of a horse at maintenance should be substantially higher than what would be estimated by the NRC (2007) system (24.3-38.9 mg/kg BW/day), due to endogenous losses. Although the profile of endogenous amino acid losses could be a better reference for threonine requirement estimation, it has not been fully studied in horses yet. As comparable data, the amino acid profile of ileal endogenous losses in dairy cattle (Larsen, Madsen, Weisbjerg, Hvelplund, & Madsen, 2001 ) could be used as a reference. The estimated threonine requirement for horses based on the cattle endogenous loss data would be 67 mg/kg BW/ day. This estimate is in the middle of the treatment levels of the current study (41-89 mg/kg BW/day), which should have resulted in a breakpoint in phenylalanine oxidation and plasma threonine concentrations. However, breakpoints were not detected in the present study and further research is needed to elucidate whether the amino acid profile of endogenous losses differs between species or whether it is not an appropriate profile for use in estimating amino acid requirements in mature horses. To overcome the lack of data in equine endogenous amino acid profile, the German system (Zeyner, Kirchhof, Susenbeth, Südekum, & Kienzle, 2010; cited from Coenen, Kienzle, Vervuert, & Zeyner, 2011) , where nutrient bioavailability is taken account into requirement estimation, might improve the accuracy of estimating amino acid requirements. By this model, apparent precaecal amino acid digestibility could be calculated using neutral detergent indigestible crude protein content values (Zeyner, Kirchhof, Susenbeth, Südekum, & Kienzle, 2015) .
In addition, fibre contents in feed could affect threonine requirements by decreasing protein digestibility (Stein, Seve, Fuller, Moughan, & de Lange, 2007; Zhang et al., 2013) and increasing intestinal mucin production (Myrie et al., 2008; Satchithanandam, Vargofcak-Apker, Calvert, Leeds, & Cassidy, 1990) . Although the horses tended to consume concentrates first and finished hay afterwards, the experimental concentrates and hay were provided to horses simultaneously. As there was no significant time gap between ingestion of concentrates and hay, dietary fibre might have hindered digestion and absorption of nutrients from concentrates as well. Nonetheless, fibre intake was constant across all treatment groups and therefore should not have affected any of the measured outcomes of this study.
The forage portion of the experimental diet provided 29.8 mg/ kg BW/day of threonine for all treatments groups, accounting for 33%-73% of total threonine intake, and threonine intake from concentrate was 11, 21, 31, 40, 50 and 59 mg/kg BW/day, in the order of treatments with increasing threonine intake. The major portion of forage is not digested until it gets to the hindgut (Hintz, Hogue, Walker, Lowe, & Schryver, 1971) , and the forage nitrogen digestibility in the foregut ranges from 27% to 41% (Gibbs et al., 1988) while precaecal nitrogen digestibility of concentrate ranges from 58% to 72% (Farley et al., 1995) in horses. Total threonine digested in the small intestine was estimated to be 19.8, 26.8, 33.8, 40 .1, 47.1 and 53.4 mg/kg BW/day for each treatment, assuming that nitrogen digestibility is 40% in forage (Gibbs et al., 1988) and 70% in concentrate (Farley et al., 1995) . Even though the structural carbohydrate of forage gets digested in the hindgut and forage protein could get degraded by hindgut microbes, the utilization of nitrogen absorbed in the hindgut seems to be marginal because the absorbed nitrogen in the hindgut is mainly in ammonia form (Reitnour & Salsbury, 1972; Slade, Bishop, Morris, & Robinson, 1971) . Therefore, the bioavailability of dietary threonine would be similar to the amount of threonine that was estimated to be digested precaecally. Although the systemically available dietary threonine levels in the current study (19.8-53 .4 mg/kg BW/day) spanned estimated threonine requirements (24.3-38.9 mg/kg BW/day), the data indicate that the actual threonine requirement might be either above or below the range of threonine intakes provided in this study; one of the possible reasons is that the precaecal threonine digestibility might not be represented by the nitrogen digestibility. The bioavailability of dietary threonine could be further elucidated by calculating splanchnic threonine use; isotopic threonine would be infused both orally and intravenously, and differences in threonine flux could be measured as described by Mastellar, Barnes et al. (2016) .
In a previous study (Graham-Thiers & Kronfeld, 2005) , mature horses (503 ± 12.5 kg) were fed a diet containing a 4:1 ratio of forage (1.8% BW) to grain mix (0.5% BW) with lysine and threonine supplementation (total 116 mg/kg BW/day of lysine and 102 mg/ kg BW/day of threonine). The supplemented horses had lower plasma urea nitrogen concentrations (5.59 mmol/L) than the control group (total 68 mg/kg BW/day of lysine and 65 mg/kg BW/day of threonine; 7.44 mmol/L of plasma urea nitrogen), which suggested that the supplemental lysine and threonine improved dietary amino acid utilization. Also, 3-methylhistidine concentrations in the amino acids supplemented group (14.3 ± 2.7 nmol/ml) were lower than in the control group (22.5 ± 2.7 nmol/ml) indicating that body protein breakdown was decreased by supplementing lysine and threonine.
However, this previous study was not able to quantify threonine requirements in mature horses because there were only two levels of threonine intake, and lysine intake was also different between treatment groups. Therefore, it is impossible to conclude whether the threonine requirement is below the level in the control diet (<65 mg/ kg BW/day), in between the two levels of intake (65-102 mg/kg BW/day) or even above the highest intake level of threonine intake (greater than 102 mg/kg BW/day).
Similar to the present study, Mastellar, Barnes et al. (2016) conducted the IAAO procedures with mares fed a 3:2 ratio of timothy hay (1.2% BW) to concentrate (0.8% BW) with only two levels of threonine intake (58 and 119 mg/kg BW/day), and there was no significant effect on phenylalanine kinetics, suggesting that the actual requirement was below 58 mg/kg BW/day. This result might be supportive of the lack of treatment effect on phenylalanine oxidation rate in the present study ( Table 7 ), indicating that the threonine requirement might be lower than 41 mg/kg BW/day. However, in this previous study, horses were fed less forage (1.2% BW) and a greater ratio of concentrate (0.8% BW) in their diets compared to the horses used in the present study (fed 1.6% BW of forage and 0.4% BW of concentrate). Therefore, more dietary threonine was expected to be digested precaecally in the previous study (Mastellar, Barnes et al., 2016) , and we hypothesized that the horses in the current study would have a higher threonine requirement than horses in the previous study (Mastellar, Barnes et al., 2016) . By bad luck, the results from the current study do not help to elucidate whether the threonine requirement is influenced by the level of forage intake in mature horses.
The other possibility is that the lack of treatment effect on phenylalanine oxidation rate (Table 7) may be due to another amino acid being more limiting in the diet than threonine, in particular lysine or histidine (Table 3 ). Lysine intakes were just 2 mg/kg BW/day higher than the requirement (NRC, 2007) in all treatment groups, and dietary histidine intake was >1 mg/kg BW/day higher than the estimated requirements (Lorenzo & Pateiro, 2013) in all treatment groups (Table 3) . Lysine has been suggested as the first limiting amino acid in growing horses (Graham et al., 1994; Ott, Asquith, & Feaster, 1981; Potter & Huchton, 1975) . Moreover, a previous study reported that histidine might be a candidate for a limiting amino acid in equine diet, which mainly consisted of soy hull and corn (Mastellar, Coleman, & Urschel, 2016; Tanner et al., 2014) , and the experimental diets used in the present study were also composed of large amounts of soy hull (38%, as-fed basis) and corn (16%, as-fed basis; Table 1 ). These previous findings support a possibility that one or more of the other amino acids may have been more limiting than threonine, resulting in a lack of responsiveness of phenylalanine oxidation to increasing levels of dietary threonine.
There are two other amino acids that were not directly measured in our feed samples and may have been potentially limiting:
cysteine and tryptophan. The daily intake of these amino acids could be estimated based on the composition of experimental diet and amino acid composition of feed ingredients listed in the dairy cattle NRC (2001) . In all treatment groups, the estimated daily intake of cysteine was 31 mg/kg BW/day, and that of tryptophan was 6 mg/kg BW/day. With the given lysine requirement for horses (54 mg/kg BW/day; NRC, 2007) and amino acid composition of endogenous protein losses in dairy cattle (Larsen et al., 2001 ), estimated cysteine requirement would be 23 mg/kg BW/ day, which is lower than the estimated cysteine daily intake. In addition, cysteine could be also available from the methionine metabolic pathway as the methionine provided by the experimental diet was well above its estimated requirement level (Table 3) . Also, the daily cysteine intake estimate is above the cysteine requirement estimated from the amino acid profile of horse muscle tissue (7 mg/kg BW/day; Badiani, Nanni, Gatta, Tolomelli, & Manfredini, 1997) . Similar to cysteine, the daily tryptophan intake is greater than its requirement estimated with horse muscle amino acid composition (5 mg/kg BW/day; Badiani et al., 1997) . Therefore, to the best of our knowledge, cysteine and tryptophan do not appear to be limiting amino acids, although future research should measure the dietary content of these amino acids to make this conclusion with greater certainty.
To summarize, the strengths of this study were that it was the first attempt to use a sophisticated isotopic approach, the IAAO technique, in combination with more traditional methods (plasma amino acid and plasma urea nitrogen concentrations) to elucidate the threonine requirement of horses. Another strength is that the diets were formulated such that the intakes of all nutrients, with the exception of glutamate and threonine, were constant across treatments, allowing us to isolate the effects of threonine intake on the outcome parameters without any confounding factors. At last, we
were not successful at elucidating the threonine requirement, regardless of whether the isotopic measures or plasma amino acid and urea concentrations were used as the endpoint measure. Some of the major limitations of this study were the relatively narrow range of threonine intake, the relatively high level of threonine provided in even the lowest threonine treatment and the lack of knowledge of the other indispensable amino acid requirements, leading to the possibility that one or more of the other amino acids was more limiting than threonine. Nonetheless, this study is a starting point for using isotopic methodologies to measure amino acid requirements in horses.
| CON CLUS IONS
The threonine requirement in mature horses fed a 4:1 ratio of forage to concentrate could not be determined because either the requirement fell outside the range of threonine intakes tested or another amino acid, such as lysine or histidine, was more limiting than threonine in the experimental diet. Further study is needed to increase the accuracy of estimated threonine requirement, applying a greater range of threonine intake levels and ensuring that excess levels of all other essential amino acids are provided in the diets.
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